Introduction
Complexes containing a diimine fragment, LH2, coordinated to a metal center are of topical interest because of their numerous photophysical and catalytic activities. 1 The lone pairs of the nitrogen atoms and the π-electrons of the C=N bonds allow LH2 ligands to as efficient electron donors, which facilitates their coordination to metals using two, four, or (in rare occasions) as much as eight 2 electrons. In addition, the identities of the two substituents on the N=CC=N backbone can also be varied, allowing for the steric and electronic properties of the ligand to be fine-tuned. The diimine ligand is also redoxactive and readily accepts an electron to its low-lying lowest unoccupied molecular orbital (LUMO) thereby undergoing a one-electron reduction to form a diimine anion radical. 3 In contrast to the extremely versatile nature of LH2 ligands in coordination complexes, the diimine fragment in osazones, L NHR H2, behaves chemically differently and, consequently, the coordination chemistry of this ligand is more limited in scope: so far only a few transition metal complexes of osazones have been reported in literature. 4 There are two main reasons which have hindered the use of osazone as a coordinating ligand in metal complexes: i) osazones of the type L NHR H2 contain a reactive =NNHR fragment which readily undergoes chemical transformations; 4 and ii) in the presence of protons and oxidizing agents osazones are easily oxidized to osotriazoles. 5 Thus, all of the metal complexes of osazone currently reported in the literature contain only ligands of the type L NHR R2 i.e. in which the hydrogen atoms in the diimine fragment have been replaced with bulkier organic groups. So far there has not been a single report of a coordination compound containing the parent osazone ligand, L NHR H2, in which hydrogen atoms at both amino nitrogen and diimine carbon centers are retained.
Because of their diimine fragments, osazones hold potential as useful ligands in metal complexes functioning as luminophores, probes, photosensitizers, and photoinitiators of radical reactions. 1,2 For this reason the development of osazone ligand chemistry represents a valuable objective.
Herein we respond to the above challenge by reporting the synthesis, X-ray crystal structure, and spectral features of (L NHPh H2)Ru(PPh3)2Cl2, (1), the first transition metal complex containing the phenyl substituted parent osazone ligand L NHPh H2. The molecular structure of complex 1 makes it a very interesting system also from a chemical point of view as ruthenium-diimine complexes are known to display tunable photochemical properties which may be varied out by independent replacement of the auxiliary ligands or by careful fine-tuning of the electronic structure of the diimine fragment. 6 Hence, the effect of the two NHR-groups in the coordinated diimine fragment of 1 to the photophysical, redox, and bonding properties of the ligand are characterized using a combination of spectroscopic and theoretical methods. The bonding features of the complex are also discussed based on its determined Xray crystal structure and a theoretical, molecular orbital based, rationalization to the observed binding of the ligand fragment in 1 is given.
Experimental a. Synthesis.
Ru(PPh3)2Cl2. Ru(PPh3)2Cl2 was prepared by an appropriate literature procedure. 7
Glyoxalbis(N-phenyl)osazone. To a 40% aqueous solution of glyoxal (5 mmol) phenylhydrazine (10 mmol) was added and stirred. Immediately a yellow solid was formed. To it methanol (15 ml) was added and the yellow suspension was stirred for 0.5 h at 20 C. The suspension was filtered and dried in air. Yield: 1100 mg (91 % with respect to glyoxal). Mass spectrum (EI): 238. 1 H NMR (CDCl3, δ): 12.16 (s, 2H, NH), 7.63 (s, 2H, N=CH), 7.55 (d, 2H, Ph), 6H, Ph), 6.63 (d, 2H, Ph) . Elemental analysis calcd. (%) for C14H14N4 : C 70.58, H 5.80, N 23.50; found: C 70.46, H 5.64, N 23.10 Single crystals for X-ray structure determination were grown by diffusion of n-hexane to the dark red dichloromethane solution of 1. Single-crystal X-ray data were collected at 173 C on a Bruker SMART APEX CCD diffractometer using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The linear absorption coefficients, scattering factors for the atoms, and the anomalous dispersion corrections were taken from International Tables for X-ray Crystallography. The data integration and reduction were processed with SAINT software. 8 An absorption correction was applied. 9 The structure was solved by direct methods using SHELXS-97 and was refined on F 2 by full-matrix least-squares technique using the SHELXL-97 program package. 10 Non-hydrogen atoms were refined anisotropically. In the refinement, hydrogen atoms were treated as riding atoms using SHELXL default parameters. Crystallographic data of compound 1 are listed in Table 1 .
c. Computational Details.
Density functional theory (DFT) calculations were performed for the model system (L NHPh H2)Ru(PMe3)2Cl2 (2), its hydrogen substituted analogue, as well as the one-electron oxidized [2] + and reduced [2] -species. The calculations utilized a combination of the hybrid PBE1PBE exchange correlation functional 11 with the Ahlrichs' triple-zeta valence basis set augmented by polarization functions (def2-TZVP); 12 for ruthenium, the corresponding ECP basis set was used. Vibrational analyses were conducted to ensure that all optimized structures correspond to true minima in the potential energy hypersurface. The full optimized geometry of (L NHPh H2)Ru(PMe3)2Cl2 is given in the Supporting Information in mol2 format. Geometry optimizations and frequency calculations were performed with the Turbomole 5.9 program package, 13a whereas ADF 2006.01b 13b was used in fragment molecular orbital analyses (PBE1PBE/TZ2P level of theory with scalar relativistic ZORA treatment of all electrons). a Observation criterion: I>2σ(I). R1 = Σ||Fo|-|Fc||/ Σ |Fo|. ppm in CDCl3, but appear at δ = 7.65 ppm in DMSO-d6. 14 Some of the aromatic protons in 1 are shielded by the diamagnetic ring current of the phenyl rings of the two PPh3 ligands and, therefore, resonate at higher field. The trend in NH resonance frequency between the complex and the free ligand is consistent with the binding of the metal ion to the adjacent imine nitrogen atoms in the former species. The effect of complex formation is also clearly visible in the IR-spectrum: the NH stretching vibrations of the free ligand appear at 3305 and 3295 cm 1 while those of the complex 1 are observed at slightly lower frequencies, 3225 and 3214 cm 1 .
Figure 1.
Single crystal X-ray structure of 1 (hydrogen atoms are omitted for clarity).
The complex 1 crystallizes in a P2(1)/n space group. The molecular structure of 1 with the atomic numbering scheme is depicted in Figure 1 and the relevant bond parameters are summarized in Table 2 .
The Ru-P(1), Ru-P(2), and Ru-Cl distances in 1 correspond to the reported Ru(II)-P 15 and Ru(II)-Cl 16 bond lengths in complexes with trans-Ru(PPh3)2 geometry. The diimine CC bond in 1 is considerably shorter than a typical single bond between two sp 2 hybridized carbon atoms, 1.47 Å, but not significantly different than CC bonds in closely related transition metal complexes with osazone-type ligands, 1.46 ± 0.03 Å (average value from 34 crystal structures found in the Cambridge Structural Database v5.28). The two NC bonds in 1 are only slightly elongated with respect to ideal nitrogencarbon double bond length, 1.28 Å, and, thus, are typical for metal coordinated diimine fragments. 
As already mentioned in the introduction, it is a well known fact that the diimine chromophore is electronically flexible and can readily accept excess electron density. There are two common mechanisms which operate in diimine metal complexes: i) The CC bonding LUMO of the diimine can abstract an electron from the metal thereby forming an anionic radical ligand. 3 ii) If the orbital energies of the ligand and the metal fragment match, the formally unoccupied LUMO of the diimine fragment can contribute to MOs with ligand-metal π-bonding character, which in essence leads to transfer of electron density to atoms in the diimine backbone. 17, 18 It can sometimes be difficult to differentiate which one of the two mechanisms operates in each particular case as they both give rise to structures with nearly identical geometrical parameters: the resulting complexes generally have diimine CC and CN bond lengths which are close to 1.40 and 1.33 Å i.e. between that of single and double bond values. 3, 17 Considering the molecular structure established for complex 1, the geometrical parameters of the osazone ligand are very close what one would expect if the complex contained a monoanionic diimine radical. 3 On the other hand, some related metal-diimine complexes with trans-σ-bonded ligands display similar bonding pattern in their diimine fragments solely due to orbital interactions. 17a,b The significant difference between the two possibilities with respect to complex 1 is that the former mechanism leads to a structure which has internal singlet diradical character (a monoradical ligand coordinated to a Ru(III) centre), whereas the latter one gives a complex with a pure singlet ground state. Hence, to establish unequivocally whether the geometrical features observed for the diimine ligand in 1 could be explained with either one of the above two mechanism, the bonding in 1 was inspected in detail using density functional theory (DFT) calculations and the fragment molecular orbital (FMO) method. We note that EPR spectroscopy cannot be used to identify between the two alternatives as no signal can be detected for molecules with singlet diradical ground states.
Molecular Orbital Analysis.
In order to better understand the electronic structure and bonding properties of complex 1, theoretical calculations were conducted for a model system (L NHPh H2) Ru(PMe3)2Cl2 (2) The bonding in complex 2 was analyzed by using the FMO approach which investigates the orbital interactions between the osazone ligand and the metal fragment in detail. To simplify the MO figures in the orbital interaction diagram, we limit the discussion to the analysis of the fully unsubstituted system The free L NH 2 H2 ligand has four occupied MOs predominantly π-like in character which correspond to eight electrons, four in two lone pairs and four in two C=N double bonds (see Figure 2b) . The electronic spectra of both 1 and its electrochemically generated monocation [1] [PF6] measured at -25 o C are shown in Figure 5 ; relevant spectral data are summarized in Table 3 . The brown solution of Table 4 .
Computational analysis of the absorption properties of 2 finds three high-intensity transitions between 380 and 390 nm all of which involve electron transfer from high-lying MOs having significant metal d orbital character to the ligand based unoccupied orbitals, primarily LUMO. Such transitions are very typical for a variety of Ru-diimine complexes and are, thus, assigned to the experimental band at around corresponds nicely with the calculated transition at 565 nm with 62 % HOMO → LUMO character.
DFT calculations for the bare cation [2] + indicate that the removal of electron from the HOMO of 2 does not lead to significant changes in geometry: the only notable difference is the elongation of Ru-N bonds by 0.07 Å to 2.08 Å as electron density is removed from an orbital with significant Ru d orbital character. The calculations show that the transition with primarily SOMO → LUMO character should be of low intensity and observed at near IR portion of the electromagnetic spectrum, close to 880 nm (see Table 4 
Conclusion
The current study represents a significant addition to the coordination chemistry of simple organic ligands which contain a diimine chromophore by reporting the first ruthenium(II) complex of glyoxalbis(N-phenyl)osazone, (L NHPh H2)Ru(PPh3)2Cl2 (1), in which two chlorine ions and triphenylphosphine groups act as coligands. The photophysical, redox, and bonding properties of the complex were characterized using a combination of spectroscopic and theoretical methods. The results demonstrate that (L NHPh H2)Ru(PPh3)2Cl2 has similar electronic properties as its known diimine counterparts. In particular, complex 1 shows an UV-Vis absorption spectrum with a high intensity metal-to-ligand charge transfer band typical for analogous Ru-diimine complexes; complex 1 is also electroactive and displays a single one-electron oxidation wave at 0.39 V. DFT based bonding analyses showed that (L NHPh H2)Ru(PPh3)2Cl2 exhibits moderately strong π-interactions which transfer approximately 0.32 electrons from the occupied orbitals the ruthenium(II) fragment to the formally unoccupied LUMO of the osazone ligand. The encouraging results obtained in this study indicate that the hitherto unexplored coordination chemistry of osazone with 3d and 5d transition metals is a soughtafter objective. In addition, considering the facile synthesis of 1 it will be of interest to examine the effect on different substituents to its electronic properties in more detail. The DFT predicted stability for the anionic metal complex [1] -containing a paramagnetic osazone radical should also be verified experimentally.
